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A BRIGHT HIGH-GRADIENT 750-keV ION GUNt
TH. J. M. SLUYTERS, R. AMARI, V. KOVARIK, R. LOCKEY AND S. SENATOR
Brookhaven National Laboratory, Upton, New York
A one-meter-Iong, air-insulated, 'Pierce' electrostatic accelerator of 750 keY is described in detail. It has an
accelerating length of only 17 cm and there is no prefocusing lens. Optically clean pulsed beams of 200 rnA have
been obtained, using a duoplasmatron with expanded plasma cup. The accelerator has been in continuous oper-
ation as preinjector for the Brookhaven Alternating-Gradient Synchrotron since October 1968.
1. INTRODUCTION
Until recently electrostatic preaccelerators for
injection into linear or circular accelerators were
built to accelerate beams with intensities of milli-
amperes. The average accelerating field was chosen
between 6 and 15 kVjcm and the ion source was
followed by a prefocusing lens. Though larger
currents, up to 100 rnA, have been obtained,
nonlinear focusing, especially in the low-energy end
of the preaccelerators, deteriorates the beam quality
characterized by its brightness, by at least an order
of magnitude. (1,2)
It should be possible to achieve acceleration
without dilution of emittance either by a careful
redesign of the focusing lens or by an accelerator
column with a very high voltage gradient without a
prefocusing system. The first method has recently
been used by the injector group at Saclay for a
100 rnA and 200 fLsec pulsed beam. An immersion
lens is followed by a 750-kV accelerating tube with
a gradient of 15 kVjcm.(3) Another example is the
injector of the Serpukhov linac. (4) The very high
gradient preinjectors started with the CERN group.
They used a single-gap 500-kV accelerating tube
with a gradient of 50 kVjcm producing hundreds of
milliamperes of beam currents of 30 fLsec pulse
length. (5)
In this paper we describe the construction and
operation of an air-insulated or 'open' 750-kV
high-gradient Pierce preaccelerator without pre-
focusing for beam current densities of 80 mA~.jcm2.
The gradient increases gradually from 30 to 47
kVjcm.
Pulsed beam currents up to 200 rnA have been
accelerated without emittance dilution and an
energy spread smaller than 1 kV. The tube has
been in continuous operation since its installation
t Work performed under the auspices of the U.S. Atomic
Energy Commission.
in the preinjector of the 33-GeV Alternating-
Gradient Synchrotron (AGS) at Brookhaven in
October 1968. Figure 1 shows the short column as
installed in the AGS.
2. THE PIERCE ACCELERATING TUBE
DESIGN
A first design of the high-gradient Pierce structure
was made by van Steenbergen in 1964, (6) and was
basically maintained in the final realization.
Its principle is to accelerate a parallel uniform
beam with large gradients, compensating the
defocusing transverse space-charge forces by in-
clined electrodes.
The potential distribution along the boundary
and axis of a uniformly populated parallel beam is
given by(7):
V = 5.69 X 103j2/3 Z4/3, (1)
with V in kV, j in mAjcm2, and z in em. For a
current density of 80 mAjcm2 one finds:
V = 1.29 X 104 Z4/3. (2)
The potential distribution outside the beam has to
match the distribution at the beam surface. The
total acceleration length from ion emitter to the
last acceleration electrode is now 21.0 em for 750 kV.
The Pierce configuration cannot be practically
realized between two electrodes. Proper control of
the accelerating field can only be achieved if the
distance between successive electrodes is of the
same order as the diameter of the beam passage
holes in them. Because this limited interelectrode
distance limits the interelectrode voltages, inter-
mediate electrodes are required for the proper
potential distribution. In addition, it is known in
high voltage (HV) technology that larger voltage
gradients can be maintained between narrow gaps
than between wide gaps. We divided the acceler-
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FIG. 1. The electrostatic 750-keV accelerator.
ation gap by five additional electrodes with
apertures increasing from 2.5 cm to 3.5 ern. The
relatively thin electrodes (3 mm) assure a nearly
uniform voltage across 80 % of the electrode
apertures. The electrode shapes have been deter-
mined in an electrolytic tank and the axial distri-
bution given by formula (2) could be approached
to within 5 %. Figure 2 shows the actual shape of
the electrodes and potential distribution. The
voltage on the first electrode or extractor is adjust-
able but is, in general, very close to - 50 kV with
respect to the ion emitter. The other electrodes
have fixed voltages, 600, 450, 300, 150, and 0 kV,
respectively, while the HV terminal is 750 kV. The
gradient increases from 30 kVjcm to 47 kVjcm.
The holders of the electrodes are shaped so that
they shadow the ceramic insulators.
The accelerating tube is single-walled and air
insulated. Figure 3 shows a cross section of the
entire unit. The column is 1 m long. The gradients
in air are 8 kVjcm. Peak fields of 35 kVjcm occur
close to the HV terminal due to the larger diameter
of the tube, which does not properly fit into the HV
terminal. (8) Despite this mismatch the arcing rate
of the column is much lower than one per hour.
The diameter, 65 cm, has to be made large to pro-
vide space for the re-entrant accelerating structure.
300keV
FIG. 2. Configuration and potential distribution
of the titanium electrodes.





FIG. 3. Cross section of the accelerating column.
FIG. 4. Cross section of the duoplasmatron
source.
A proton source is mounted in the high voltage
re-entrant space and a pulsed triplet quadrupole
unit follows the last accelerating electrode to focus




TITANIUM • ~~ STAINLESS STEEL
--TUNGSTEN
EXTRACTOR
FIG. 5. Geometry of the source extraction region.
The mechanical construction of the cathode,
which has a minimum lifetime of 3000 h, is shown
in detail in Fig. 6. (9) It consists of a strip of
nickel gauze, wound into a bifilar filament to
minimize magnetic fields which might disturb the
cathode plasma. The filament, coated with a
barium oxide-strontium oxide electron emitter, is
resulting source was put into operation in the
conventional column by Wroe, (1) and adapted to
the high current, high-gradient column by Sluyters.
A cross section of the duoplasmatron is shown in
Fig. 4. The geometry of the critical extraction













3. THE DUOPLASMATRON PROTON
SOURCE
The duoplasmatron was chosen as the ion source
because, if constructed properly, it can generate
beams with good optical qualities in a wide range
ofcurrents.
Design of the Brookhaven source was started by
van Steenbergen and Damm. The 'low' current
18 TH. J. M. SLUYTERS et ale
IANODE
Characteristics of the operational source
TABLE I
Filament current 30 A
Anode voltage 250 V
Magnet 750 ampere-turns
Maximum B field ~1 kG
B field at cup exit 0 G
Discharge current 40 A
Pulse length 180 JL sec
Pressure 0.5 Torr
Repetition rate 0.8 sec
Beam current 150 rnA
Normalized phase-space area 0.20 cm-mrad = fly (areaj7T)
Proton percentage > 80 %
'OFF"
SCR
FIG. 7. Schematic of the pulsed power supply.
0.1
kV
Figure 7 shows a schematic of the pulsed power
supply. The energy for the arc is stored in CI .
When the 'on' SCR is triggered it acts as a switch
and connects C1 to the ion source. The source load
impedance may be represented by an inductance of
20-40 fLH in series with a resistance of 2-5 Q.
Discharge currents up to 100 A at 500 V have been
generated with this configuration. The arc is
extinguished by reversing the voltage across the 'on'
SCR. The total voltage of C1 and C2 is initially
applied across L1 when the 'off' SCR is triggered.






operational magnet levels of 750 ampere-turns;
the magnetic field is zero measured 3 mm down-
stream from the anode aperture.
A palladium tube hydrogen leak was chosen for
its reliable control of the hydrogen flow into the
discharge chamber. The housing around the finger
is filled with hydrogen at 20 psi. The hydrogen
flow is approximately 3 cc atm/min. The source
pressure is about 0.50 Torr as measured with a
thermocouple gauge.
The electrical circuit is basically quite simple (see
Fig. 7). Initially the full anode voltage is applied
between the cathode and I.E. to secure firing of the
discharge. Once established, the discharge controls
the potential of the intermediate electrode.
- NICKEL GAUZE 70 MESH. 0.004' DIA.
WIRE. WOUND INTO A BIFILAR FILAMENT




OUTER CYLINDER a END CAPS OF
RADIATION SHIELD-MADE FROM















spot-welded to two nickel rods, which form the
filament current leads. A nickel heat shield which
surrounds the cathode helps to reduce the power
consumption to about 75 W at a filament current
of 30 A.
The cathodes, once activated, can be exposed to
dry atmosphere for short periods (one or two hours)
without harm.
The intermediate electrode (I.E.) is isolated
electrically from the anode by an alumina ring
cemented together with epoxy. The I.E. and
magnet are cooled by freon. Freon is chosen as a
safety feature to prevent damage to the column in
case the alumina ring fails. A thermostat mounted
against the filament holder protects the system
against overheating in case the coolant flow should
be interrupted.
The distance between the I.E. and the anode was
chosen to be 8 mm. This distance reduces the
plasma oscillations to a negligible level under
normal operating conditions.
The choice of the dimensions and materials of
the anode and of the expansion cup, as detailed in
Fig. 5, is based on the following principles. If
the anode aperture is small (~1 mm) compared
with the discharge column (~4 mm) we may
assume uniform transverse density; the number of
extracted ions is then proportional to the aperture
area. If the expansion cup is magnetically shielded
by a 'septum' from the discharge side of the anode
and the cup is kept short there will be little beam
disturbance or proton loss during expansion. The
septum is not saturated around the aperture at the
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a series resonant circuit is formed between L 1 and
C3 • C3 is much smaller than C1 + C2 so they
cannot discharge too much during the 'off' pulse.
The peak 'off' current pulse is about 700 A with a
half period of about 50 p.sec. The 'off' SCR turns
itself off when the current tries to reverse. The
internal impedance of the pulser is about 0.5 Q.
Typical source parameters are summarized in
Table I.
4. MECHANICAL STRUCTURE OF
ACCELERATING TUBE
4.1. History
The single-walled, open-air design of the hori-
zontally mounted accelerating tube structure is very
attractive for maintenance reasons. Its structure
ofceramic rings separated by metal sheets represents
a difficult design problem, in particular since it is
supported only at the ends.
Tests with the prototype column had shown that
the adhesive, an epoxy, could support the static
stresses satisfactorily. However, adhesive failures
occurred due to differential expansion of the metal
and ceramic rings if the temperature was changed
by more than 20-30 of. In addition, the epoxy
outgassed enough to reduce the high voltage
holding capability considerably within several weeks
of continuous operation. The consequent sparking
caused carbon tracks on the ceramic. A systematic
study with small samples was made to find a more
flexible adhesive and to determine the proper
adhesive thickness. (10) A test section, one-fifth the
length of the final column, was then constructed in
order to determine whether materials and con-
struction methods were acceptable for building the
actual column and to apply typical loads and
temperature variations to which the tubes may be
subjected. The final tube was constructed after
these tests had been successful. (11)
4.2. The tube structure
The accelerator housing consists of 15 corrugated
alumina (85 %) rings, 6.25 cm thick, located between
6 mm thick aluminum (6061-T6) disks and 2.5 cm
thick Kovar end plates. If we look at a typical
joint and take a small section across this joint we
see that a shearing stress will be set up in the film
due to the differential expansion of the two rings
(see Fig. 8). This is a great simplification and it
assumes that the stress in the film does not cause
any strain on either the ceramic or metal. Since
the modulus of elasticity and the thickness of both
A4
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FIG. 8. Differential expansion of the metal and
ceramic rings.
the ceramic and metal are much larger than in the
epoxy, this is probably a good approximation for a
single joint, say at the end plate. For a thin metal
ring between two ceramics there will be twice as
much stress applied by the two films on the thinner
metal ring. This will cause a larger strain in the
metal and a somewhat lower strain in the adhesive
film. Hence an adhesive failure will most likely
occur at an end plate.
From elementary stress analysis we can arrive at
the following expression:
E rLJT
Ss = 2(1 + p.) -t- (ocmet - occer),
where Ss = shear stress in film,
E = modulus ofelasticity offilm,
p. = Poisson ratio offilm,
r = radius of disks,
LJ T = temperature change,
t = film thickness,
ct = coefficient of thermal expansion of
metal and ceramic.
The Kovar-ceramic combination has the smallest
difference in thermal expansion coefficients: OCKovar -
ctceramic = (1.7 -1.9) 10-6jOC. while ctaluminum-
<Xceramic = (7.2 -1.7) 10-6jOC. However, due to
availability and cost of machining we chose
aluminum disks for the thinner intermediate rings
and Kovar for the end plates.
The epoxy surfaces exposed to the vacuum are
separated from the inside of the column by com-
pressed indium sealing rings, as was done by
Huguenin et ale (5) Figure 9 shows a typical joint.
The assembled unit with the titanium alloy
7 %AI, 4 %Mo) electrodes, the stainless steel spun
electrode holders and stainless steel fixtures is
shown in Fig. 3. Highly polished titanium
electrodes are used in the high gradient areas
(> 30 kV/cm) for its superior hold off properties






FIG. 9. Typical metal-ceramic joint.
compared with stainless steel and aluminum:(5,12.13)
The HV dividing resistors and the ceramICS are
protected by four adjustable spark gaps between'
each section distributed evenly around the column.
A one inch pumping gap between the electrode
holders and ring guarantees a column pressure
better than 10-5Torr under operational conditions.
4.3. Ceramic-metal bond
Epoxy was chosen as the adhesive bet~ee~
ceramic and metal parts of the tube, because It IS
relatively simple to applY,it does not require
expensive tooling, and because good results were
obtained previously both at Brookhaven and
CERN. Another possibility might have been to
metallize the end faces of the ceramic rings, but
this is not yet a practical method for rings of about
75 cm diameter. The adhesive must be flexible
and strong enough to carry the mechanical stresses.
We decided upon 'Grodan', a room temperature
cure resin with a modified polymide hardener in' a
ratio of 50 % hardener and 50 % resin. (14) The
epoxy gap between the ceramic and metal is
0.25 mm, thick enough for flexibility but not so
thick that creep or strain could cause problems.
With such a bond, a safety factor of at least' 4 in
shear and 7 in moment could be obtained for the
column metal-to-ceramic joint. (15)
4.4. Cleaning and etching procedure
The ceramic (Coors AD-85) and metal disks
were machined to a 0.025 mm flatness and parallel-
ism to prevent variations in the epoxy thickness for
eachjoint. The ceramics were then precision sand-
blasted with alumina in the areas to be epoxied
while maintaining 0.025 mm flatness. The metal
disks are sanded with coarse emery cloth in the area
to be epoxied.
The following cleaning procedure was adopted
for all rings:
(a) Ultrasonic cleaning in chlorothane to remove
grease.
(b) Scrubbed with 'Alconox'.
(c) Rinsed with warm water.
(d) Rinsed with alcohol.
(e) Dried in vacuum.
The epoxy areas of the aluminum rings were
etched for 20 minutes in the following solution:
40 grams sulphuric acid
8 grams sodium dichromate
8 grams silica
100 grams distilled water
and then rinsed first in distilled water and then in
alcohol.
The Kovar end plates were etched for two
minutes in
Nitric acid 5%
Distilled water 95 %.
4.5. HV dividing resistors
The voltage distribution across the column is
achieved by means of 15 resistor blocks or 'bananas'
clamped between each section. The total resistance
value is 5400 MO. The design of the 'bananas' is
an extension of the CERN design. (5) The most
significant difference is the use of printed circuit
boards and a boron nitride filler for heat conduc-
tion.
Each banana consists ofa resistor chain composed
of six blocks of 60 MO resistance each. Each
block (1 x 7 x 0.8 cm) consists of 160 resistors
(1.5 MQ, lW) soldered in a parallel series ~ircuit.
The resistor chain is mounted between brass Inserts
which together with spring buttons guarantee good
electrical contact. This unit is then encapsulated
in outgassed epoxy using a special mold. Boron
nitride filler is used to increase the heat conductivity
(heat dissipation is about 8 W). Figur~ 10 sho~s
respectively, two resistor blocks, a reSIstor chaIn
soldered to the brass inserts, and a transparent
epoxied unit without boron nitride.
The current through the resistor chain is con-
stantly monitored in the control room. None of
the bananas has failed after seven months of con-
tinuous operation.
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FIG. 10. A 50-kV resistor chain.
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5. DIAGNOSTICS
In order to evaluate the HV behavior of the
column the following parameters are continuously
monitored on a recorder:
(a) Resistor current through the voltage divider.
(b) Microdischarges from the isolated ground
electrode and isolated triplet holder.
(c) Tube vacuum.
Figure 11 shows a layout of the diagnostic equip-
ment.
~ I VOLTAGE DIVIDERI ',CURRENTI I HV I r MICRO DISCHARGE
! I I TERMINAL i ~ CURRENT
---r t I k21~. (TI-ELECTRODE)






FIG. 11. Layout of diagnostic equipment.
The resistor current through the voltage divider
is an indication of the proper voltage gradient
across the column; hereby we can assume that the
electrodes do not carry any current during the
beam pulse.
Microdischarges are typical phenomena between
the high voltage gaps. By measuring their relative
amplitude and frequency they form a means to
determine the spread of 'conditioning' or how fast
the voltage may be increased across the gaps without
causing damage to the column.
The current in these microdischarges increases
rapidly with the field strength. (16) Figure 12 shows
FIG. 12. A typical microdischarge as it appears on
the capacitive pickup electrode. Amplitude: 7.5
kV/cm; sweep: 50 fLsec/cm.
a typical voltage drop on the HV terminal, in
general smaller than 20 kV, caused by a micro-
discharge, measured on the capacitive divider. As
one can observe, the microdischarges occur in pairs
with dV!dt significantly larger in the initial dis-
charge. To prevent damage to the electrodes the
current in such a discharge should be kept small.
This can be realized by a surge resistor in series
with the filter capacitor (see below, 'bouncer'
circuit).
The microdischarges start to become significant
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FIG. 15. Basic circuits of operational machine
without bouncer.
7. FAST HIGH VOLTAGE COMPENSATION
SYSTEM
As mentioned earlier, a sudden large increase of
current, known as a vacuum breakdown or dis-
charge, damages the electrodes, thereby triggering
other breakdowns. It is therefore essential to
minimize the energy in such discharges. This
may be obtained by inserting a 400 kQ surge
resistor in series with the filter capacitor. Without
the stray capacitance the beam current would cause
a voltage drop across this resistance (80 kV at
200 rnA), which must be compensated by the
'bouncer'.
The basic electrical circuit of the operational
machine is shown in Fig. 15.
The voltage drop L1 Vet) for this circuit configura-
tion during the beam pulse of current 1 is:
L1 Vet) =
___1_ [L1t+ C22R (l-e-(Cl+C2/ClC2R)L1t)] •
C1 +C2 C1 +C2
(3)
6. VACUUM SYSTEM
The vacuum system consists of two titanium
evapor-ion pumps and two stand-by liquid nitrogen
trapped mercury diffusion pumps with a total
pumping speed of 2400 liter/sec of hydrogen at
10-5 Torr. The operating pressure in the accelerat-
ing tube is about 10-5 Torr at the ion source end.
Without hydrogen gas flow from the ion source
this reduces to 5 x 10-7 Torr.
a tungsten grid on a quartz flag. This pattern may
be observed in the control room via a television
link. Figure 14 shows the arrangement and a typical
beam pattern on the quartz flag for a 150 rnA,















FIG. 13. Recorded output of microdischarges and
vacuum during conditioning of the column.
FIG. 14. Arrangement of emittance detector at
750 kY. Polaroid picture represents 150-mA beam
pattern on the quartz flag.
After conditioning, the microdischarges on the
titanium electrodes almost disappear, while they
continue to be present on the stainless steel electrode
holders.
The breakdown rate of the column at 750 kV
is negligible or much smaller than one arc per hour.
A breakdown is usually triggered on the outside of
the column, as may be concluded from the vacuum
recording.
The beam emittance at the exit of the column may
be obtained from the shadow pattern generated by
for gradients above 25-30 kV/cm, which is equiva-
lent to about 500 kV across the column. This level
depends on the material of the electrodes. They
initially occur for stainless steel at a rate of one to
two per second and drop off to approximately five
to ten per hour. Figure 13 shows a recorded output
of the microdischarges (bottom trace) and vacuum
(top trace) during a conditioning period of about
15 minutes. Note that the vacuum amplitude
decreases from 3 x 10-6 to the 10-7 mm scale after
a voltage increase of 5 kV and that the micro-
discharge amplitude decreases by a factor of four.
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Three 'bouncer' solutions were considered(16):
Prior to an ion source discharge the bouncer is
maintained in a stand-by condition with the terminal
voltage being controlled by a slow regulator. To
achieve compensation an ion source discharge
signal initiates the signal generator to produce a
preprogramed error and switching signals for
modulating VI and switching on V2 • The resulting
bouncer output signal is coupled through the series
RC network to the 750-kV high voltage terminal.
Feedback information for control of this process is
obtained by monitoring the terminal voltage with a
capacitor divider network.
The present capability of the hard tube systerr: is
flat compensation for 100 rnA of beam current and
an additional 20 % loading due to backstreaming
electrons. Changes to the terminal voltage during
a useful 80 /Lsec of beam are kept to less than 450 V.
This is demonstrated in Fig. 19: the top trace
FIG. 18. Basic circuit of a hard tube modulator.















(1) Spark gap feedback.
(2) Hard tube modulator.
(3) Combination spark gap and shunt hard
tube modulator.
The hard tube modulator regulator was chosen
as a primary system for its large operating range, its
tube reliability, and to keep the overshoot of the
terminal voltage small.
The block diagram of the bouncer circuit is
shown in Fig. 18. The coupling network, hard
tube modulator, low level electronics, and feedback































FIG. 17. Ideal requirements for the bouncer
system in operational machine.
FIG. 16. Voltage droops for several beam currents
with the column protection resistor installed.
is coupled to the high voltage terminal through a
high impedance (surge resistor in series with the
filter capacitance).
Figure 16 gives the theoretical voltage droop for
several beam currents as a function of time. The
experiments show voltage drops, which are about
20 % larger than the theoretical values, caused by
backstreaming electrons. In Van de Graaff
machines and low gradient accelerating tubes, a
much higher percentage is found. This small ratio
may be due to the short path length of the ions in
the low energy range of the high gradient tube and
the low operating pressure range of 10-5 Torr.
The bouncer system is incorporated and dimen-
sioned to reduce the voltage droop to less than
750 V (= 0.1 %). It is able to do so for beam
currents up to at least 150 rnA and 130/Lsec pulse
length.
In the scheme of Fig. 17, the bouncer system
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FIG. 19. Top trace: voltage droop without com-
pensation; bottom trace: voltage variation with
hard tube modulator compensation.
is the voltage droop during the beam pulse without
compensation and the bottom trace with compensa-
tion. In practice, operation at higher beam currents
has been achieved by delaying the bouncer turn-on
signals so that the terminal voltage will drop. The
voltage drop aids the compensation by acting as an
additional power supply in series with the bouncer
output. A demonstration for a ISO-rnA beam
current compensation is shown in Fig. 20.
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area x-x' or y-y' divided by 7T and multiplied by {3y
(0.04 for 750-keV protons).
The brightness in mA/cm2 rad2 which relates the
beam current (I) to the density in four-dimensional
phase space is then defined by I x 106ft 7T2 €22, with
equal emittance values in both two-dimensional
phase planes. Figure 14 demonstrates the opera-
tional emittance pattern of the column for a
150-mA beam. (17,18) One observes the weak
molecular content of the beam in the background
of the polaroid picture. The molecular content,
separated from the proton beam by the focusing
magnets in the transport channel, is less than 20 %.
All emittances are smaller than 0.2 cm-rnrad and
all brightness values are larger than 8 x 108 mAJcm2
rad2• The latter value is at least an order of magni-
tude better than those for conventional accelerator
structures. The emittances obtained with this
preinjector fit comfortably within the transverse
acceptance of our 50-MeV linear accelerator.
The beam density distribution is shown in Fig. 21.
FIG. 20. Voltage variation during a 130 fLsec and
150 rnA beam pulse.
8. PREINJECTOR PERFORMANCE AT
750 keY FOR BEAM CURRENTS UP TO
150mA
Operational beam parameters of the preinjector
at 750 kV for 150 rnA are summarized in Table II.
The definition of a normalized emittance €2 in
cm-mrad of a beam is the smallest ellipse surround-
ing all particles in a two-dimensional phase-plane
FIG. 21. Beam density distribution of the 750-keV
beam during a single pulse.
This pattern is obtained by a TV camera (see Fig. 14)
arranged so that it scans the quartz plate per-
pendicular to the slots. The camera produces an
intensity-modulated video signal for observation on
an oscilloscope.
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